Abstract-Recent results in lower hybrid experiments on tokamaks are surveyed. Both ion and electron heating regimes are examined. It is found that while good coupling of the RF power with multiple waveguide arrays can be achieved, the ion heating results tend to be irreproducible. Electron heating in high density plasmas, such as in Alcator C, tend to be efficient and reproducible. Perhaps the most exciting results have been obtained in RF current generation experiments where toroidal currents of the order of hundreds of kiloamperes have been generated by injecting several hundred kilowatts of power via traveling lower hybrid waves.
I. INTRODUCTION IN THIS PAPER, we shall discuss recent developments in lower hybrid experiments. While a decade ago there were many small-scale experiments which verified the fundamental aspects of wave propagation near and above the lower hybrid frequency [1] , [2] , more recently the greatest interest has been in using lower hybrid waves to heat the plasma, and to drive currents in toroidal devices [3] , [4] . While in the mid 1970's lower hybrid heating experiments in tokamaks were carried out at the 100-200-kW level [3] , [5] - [9] , in recent experiManuscript received August 10, 1983 ; revised December 2, 1983 . This work was supported in part by the U.S. Department of Energy.
The author is with the Plasma Fusion Center, Massuchusetts Institute of Technology, Cambridge, MA 02139. ments powers up to 1 MW have been injected in the Alcator C tokamak at M.I.T. [101. Also, while earlier lower hybrid experiments concentrated on the ion heating regime (co &JLH), in more recent experiments the electron heating regime (co > 2 c'LH) and the current drive regime (c, > 2coLH) has been explored to a greater extent. The reason for this is that bulk ion heating near the mode conversion layer appears to be less reproducible and more difficult to achieve than electron heating (and concommitant collisional bulk ion heating). While the reason for this is not well understood, it is likely that as the wave frequency gets closer to the lower hybrid frequency, the shorter wavelength waves may be more effectively absorbed and/or scattered near the plasma surface by nonlinear effects (parametric instabilities [6] , low-frequency fluctuations [11] , etc.). Toroidal effects may further complicate wave propagation to the plasma center [12] . In addition, toroidal effects combined with collisional dissipation in the outer cold plasma layers become more pronounced at shorter wavelengths, and, hence, further aggravate the wave penetration problem. We may distinguish different heating regimes as shown in Table I .
In this paper, we shall select results from different experiments which illustrate the various regimes shown in Table I . We shall not aim at giving a completely comprehensive survey of all the experimental results in every machine. We shall, how-0093-3813/84/0600-0107$01.00 © 1984 IEEE ever, try to give references to as many experiments as possible. The great interest in using lower hybrid waves to heat fusion plasmas stems partially from the technological attractiveness of the wave launching structures: arrays of waveguides which may be flush mounted with the wall, or which protrude only slightly beyond the wall (and stay in the shadow ofthe limiter), may be utilized as antenna structures. The frequencies are of the order of a few gigahertz where CW high-power and high-gain klystrons have already been developed (for example, 0.5-MW S-band (2.45 GHz) klystrons can be purchased from Varian Associates, and 1-MW 2-GHz klystrons are under development in Japan). In addition, from physics considerations the lower hybrid frequency regime is among the most suitable for noninductive current drive, at least in present-day toroidal devices. The slow wave (or, in future high-temperature plasmas, the fast wave) injects the wave momentum into electrons traveling parallel to the magnetic field, in the direction of the toroidal current. Hence, undesirable effects, such as electron trapping, is expected to be less of a problem here than for low-phase velocity waves (trapping in local magnetic mirrors removes current carriers and, hence, reduces the current drive efficiency). Let us now discuss the different regimes shown in Table I . We shall begin with the ion heating mode (including the ion tail regime), then continue with the electron heating mode, and finally discuss in considerable detail the current drive regime. However, before discussing the heating results it is appropriate to examine a typical RF heating system, and also discuss antenna coupling experiments.
II. EXPERIMENTAL SETUP
A typical high-power lower hybrid experimental setup is shown in Fig. 1 . (This corresponds to the Alcator C 4.6-GHz system). A low-power RF oscillator at 4.6 GHz is used to power a 1 MW system consisting of four 250 -kW klystrons. The lowpower signal is amplified by a TWT and is subsequently split four ways. After phase shifting one of the four paths, the 0.8-W signal drives one klystron, whose power is split four ways and drives one column of four waveguides. Then after similar processing, the other branches of the low-power signal are used to drive three more 250-kW klystrons, each feeding four wave- Fig. 2 . Details of the Alcator waveguide array are shown in Fig. 3(a) and (b). [16] . We see that although the plasma is considerably overdense at the waveguide mouth, the agreement between experiment and theory is fair. As shown in Fig. 5 [18] . Thus the high heating efficiency indicated by perpendicular charge exchange may have been dominated by the presence of an ion tail. The tail may originate from the center of the plasma column as in the Alcator A device [11 ] and the more recent PLT [17] , Alcator C [19] , and Versator II [191 experiments. Ion tail production from the surface of the plasma column is also possible [20] . The most significant bulk ion heating results were reported in 1978 from the JFT-2 tokamak [9] where parallel charge exchange measurements and spectroscopic measurements indicated heating rates up to rj = fi(101 3 cm3) A Tj(eV)/ P(kW) < 3. In Figs. 6 and 7, we display some of these results. The heating effilciencies varied with coupler geometry, namely with a narrow coupler (four waveguides, 1.4-cm gaps, 900 phasing) and ri 1 value was obtained, whereas using a four waveguide coupler with 3.3-cm gaps, phased 180°, j -2-3 was obtained. In these experiments, an ion tail was also produced with a lifetime of 50-100 ps. It was concluded that the ion tail was produced by parametric instabilities near the plasma surface [20] . More recently bulk ion heating was also observed on the M.I.T. Versator II tokamak [19] , Wega [21] , and PLT [17] . In Fig. 8 T, H2 gas (after [19] and [35] . (b) Ion heating results from the PLT tokamak. n = 1.9 X 1013 cm3, B = 2.7 T (after [ 17 ] ). (c) Ion tail production in the PLT tokamak (after [ 17] [5] , [11] . In JFT at f=750 MHz Fig. 9 ).
The most recent heating results were obtained in the Alcator C tokamak at RF power levels up to 1 MW(4.6-GHz experiment) [10] , [22] , in the FT tokamak where 2.45-GHz RF power at the 0.2-0.3-MW level is injected via a 2 X 2 waveguide array [23] , and in Wega [21] . In the Alcator experiment, the relative phases of the waveguides are set to be 1800 so that NI1 Fig. 11 . Electron heating results in the Alcator C experiment as measured by soft X-rays (after [10] ; data obtained by J. Rice). (7) . ments: in the case of molybdenum limiter, the high-z impurity level increases in the plasma. This leads to a radiation loss of the order of several hundred kilowatts of power. In order to reduce this loss, carbon limiters were installed. In this case, the carbon impurity level increased and Zeff= 2jfniZ/fle rose from an initial value of Zeff -1.5 to Zeff > 4. Since ohmic dissipation is also proportional to Zeff, the ohmic power input may rise during RF heating. Thus it is not always easy to separate the heating which is due to RF and that which is due to ohmic heating. Nevertheless, using silicon carbide coated graphite limiters, upon injection of 0.85 MW of RF power the bulk electron temperature rose A Te 1.1 keV and the bulk ion temperature rose ATi 0.7-0.8 keV in Alcator C [22] . At the same time, Zeff increased from 1.5 to 4. These results were obtained in deuterium plasmas at B = 9 T at a density of ni-1.3 X 1014 cm-3. We note that these impurity problems become significant only above the 0. [4] , [5] . Since then, a search for such currents has been underway in a number of laboratories. Noteworthy experiments where current drive has been produced by lower hybrid waves include the following tokamaks: JFT-2 at JAERI [24] , Versator II at M.I.T. [25] , WT-2 in Kyoto [26] , Alcator C at M.I.T. [10] , [27] , [22] , [32] , PLT at Princeton [17] , [28] - [30] , Wega at Grenoble [21 ] , FT at Frascati [23] , and the Octopole experiment at General Atomic [31] , just to name a few. In Table III , we give a summary of the parameters of these experiments. Some of the important questions that arise in connection with these experiments include a) the current drive efficiency, b) whether the current can be maintained by RE power alone. In order to test this last question, the ohmic heating current must be terminated and an RF-produced flattop current should be produced for time durations which exceed the L/R time. In addition, it should be shown that electric fields produced in the plasma by various inductive effects should have negligible values. This question can be decided by examining the powerflow relationship [28] ining the power-flow relationship [28] I 2Rp + d (+) = I(MOHIoH + MvIv) + PRF (8) where I is the plasma current, Rp is the plasma resistance, L = ioR (ln 8R/a -2 + li/2) is the total inductance of the plasma loop, a and R are the minor and major radii, poR ls/2 is the internal inductance, MOH and Mu are the mutual inductances between the plasma current and the OH primary coil and the vertical field coil, and PRF is the RF power driving the current. In Fig. 13 , we display a typical shot from the PLT experiment [17] . Here we see that I is nearly constant, %,9 + li/2 4 ls/2 is constant, IOH is constant, I, is constant, V100, 0, and, hence, all the current is driven by the RF power, or (8) reduces to PRF . 12Rp.
These results were obtained at relatively low densities, ni 3 X 1012 cm-3. However, as shown in Fig. 14, similar results have been obtained on the Alcator C tokamak at densities n t 3.5 X 1013 cm3 [32] .
The maximum density at which current drive is observed appears to be limited by the frequency of the RF source. In particular, for f= 800 MHz, the maximum density at which current drive is observed is about n-< 0.8 X) 1013 cm3, while at f= 4.6 GHz, ii 1 X 1014 cm-3 (see Fig. 15 ) and probably more; in Alcator C at present we are still power-limited. We also remark that by further increasing the power, the current may be "ramped up" in time. The longest pulse generated to present date is the PLT 3.5-s RF-driven current pulse [29] . This is shown in Fig. 16 .
The second question concerns the current drive efficiency. As shown by Fisch, the current drive efficiency may be written in the following form: R(m) i(1014 cm-3)I(kA) Te(OkeV)(J/P) (9) P(kW) where a -0.02 is a constant which depends on profiles, and JI PD is the current-per-unit cross-sectional area divided by the Cce -0.5 In Fig. 17 , we show lower hybrid current drive results from a number of experiments. We see that a relationship of the form of (9) Fig. 18 ).
We see that the maximum current drive efficiency in Alcator C is of the order of n(104 cm3)I(kA)/P(kW) < 0.13 at B = 8 T. PLT, at low densities, currents of the order of 400 kA have been generated. We note that in both PLT and Alcator C the ohmic heating is terminated so as to achieve an all RF current driven operation. We note that current drive strongly depends on relative waveguide phasing. In both PLT and Alcator C, the flattop currents can only be maintained if the relative waveguide phasing if 600 AO < 1200, and when the wave is launched in the initial ohmic electron drift direction. In Fig. 19 [19] , [30] , [33] . It is hoped that eventually one can determine the electron distribution function from such X-ray analysis. In order to do that, one has to mneasure the X-ray flux in all directions relative to the toroidal current direction. Such measurements are now in progress on PLT. Here we present some early results which give information on the range of energetic electron energies, as well as their radial distribution. In Fig. 20 , we show results from PLT [29] which demonstrate some correspondence between the relative phasing of waveguides and the maximum cutoff energy of photons. Presumably, as the angle of relative phasing is reduced, the Nl1 power spectrum is lowered and interaction with higher energy electrons becomes feasible.
In Fig. 21 , we show results from Alcator C [33] which shows that the photon flux is concentrated near the plasma axis. Analysis of similar data is in progress at present. In summary, de- . Chord-averaged hard X-ray energy spectra at three radial locations in the Alcator C tokamak. n = 5.5 X 10'3 cm-3, B = 10 T, PRF = 700 kW, Ip = 180 kA (due to RF power), H2 gas (after [32] , [33 ] ; data taken by S. Texter). [25] , [27] 
